The results show that both the b _dy roll rate and canard dither motion influenc:_ the roll-averaged forces and moments on the b _dy. At the relatively low roll rates analyzed in 1he current work these dynamic effects are mod,,st, however the dynamic computations are effect.ire in predicting the dynamic stability derival ires which can be significant for highly-maneu.'erable missiles.
The results show that both the b _dy roll rate and canard dither motion influenc:_ the roll-averaged forces and moments on the b _dy. At the relatively low roll rates analyzed in 1he current work these dynamic effects are mod,,st, however the dynamic computations are effect.ire in predicting the dynamic stability derival ires which can be significant for highly-maneu.'erable missiles. 1 Introducti,.m
The use of Computational Fluid Dynamics (CFD) to simulate the, steady flow about static geometries is now corn non practice for engineers and analysts.
The _bility to routinely simulate dynamic configm ttions, where the geometry moves in some m_mner during a computation, however, is still a computationally-intensive problem.
For many ai_plications, such as rotorcraft, turbines, or rolling missiles, the motion of the body is a fundamental aspect of the simu- at ¢ = 0°. The time of travel between the two deflection angles corresponds to approximately 21 degrees of roll at this roll rate, so that at ¢ = 21°the canards are positioned at +15°d eflection.
It's also possible that the canards do not complete their travel before being instructed to "reverse", as can be seen in Dither Schedule 1 near ¢ = 200°. Note that both of the canard dither schedules are periodic over one complete revolution of the body.
The current configuration poses a challenge, especially when creating a computational mesh which can be solved efficiently, due to the large variation in physical scales which must be resolved. The sharp edges of the canards must be resolved in order to generate strong canard tip vortices.
These canards vortices must be preserved as they convect the length of the body in order to resolve the canard vortex/tall interaction that occurs at low-moderate angles of attack.
Further, the large bow shock that forms ahead of the body in supersonic flow, as well as the shock structures around the canards and fins, must also be resolved.
Volume mesh generation was performed using the Cartesian meshing scheme of Aftosmis et al. [1] . This package takes as input the triangulated surface geometry and generates an unstructured Cartesian volume mesh by subdividing the computational domain based upon the geometry.
In this manner, the sharp geometric features contain refined 
where 7-is referred to here as "pseudo-time", and is the iterative parameter, and t is the physical time. Q is the vector of conserved variables, and In the current work, it's desirable to utilize an unconditionally-stable, implicit scheme to allow a large timestep to be chosen based upon physical considerations rather than a potentially smaller stability-limited timestep.
In the Cartesian embedded-boundary scheme, the cut-cell polyhedra can have arbitrarily small volumes, and a stability limit can be very restrictive.
Using a large timestep also reduces the amount of computational work required to process the moving geometry and mesh through a complete simulation.
In the current work, the backward Euler and 2nd-order backward time-integration schemes have both been utilized.
ALE formulation
Considering the motion of the rolling missile with dithering canards described in Sec. 2.1 in a body-fixed frame, the regions where relative motion occur are confined to a small area surrounding the canards. This is not unique to rotating airframes, and occurs in many applications such as rotorcraft or stage separation from space vehicles.
It's desirable to simulate the rotation of the entire missile using a rigid-body motion of the entire computational domain, and treat the relative motion of the canards separately within the rotating domain. This approach limits the amount of computational work that is required to process the moving geometry.
An Arbitrary-Langrangian-Eulerian (ALE) formulation is utilized in order to account for the rigid-body motion of the computational domain (cf. Hirt et al. [22] for the development of the ALE formulation). This is accomplished by modifying the flux through a boundary to account for the motion of the boundary.
For the inviscid flux vector utilized here, this becomes pun } f . n = punu + pn (2) pune + pu • n where = (u -u )-n is the velocity relative to the moving boundary, and un is the velocity of the moving domain. 
where Q'_ represents the statevectorat time level n on the mesh at time leveln + I. In the current scheme, the vector Q_ is "mapped" from the mesh at time leveln to the new mesh atn + 1 using an interpolation operator +1. =
• . . Instead, an approximate scheme i_; desired which maintains conservation away froJ,t t he region of the relative motion.
The current s_ heme determines Ig +1 exactly for all cells awa._ from the moving boundary, as well as the m_@,rity of the cut cells at both time levels.
FoJ a small minority of the swept cells I2 +1 is apt roximated.
In the current work, the mapping of the solution between two meshes is processed e_ternal to the flow solver with a single-pass algo ithm. Note that since the motion is prescribed, alL of the meshes can be processed a priori, and in parallel. These force polar plots are shown for the sequential-static simulations in Fig. 7 . The radius of the plot is the magnitude of the crossflow force, and the polar angle is the roll angle. If the canards are fixed, then the force polar inscribes a circle as the body rotates, as the ca-*The experimental data referred to in Sec. 3.2 and 3.3 was not available until recently. In order to examine the dynamic effects for the rolling airframe, the dither schedules presented in Fig. 2 Theforcevariationfor both ditherschedules is compared to thesequential-static simulations in Fig.9 . Theagreement between thestaticanddynamicsimulations is veryclose, asanticipated. Whenever the canards abruptlystoptheir motion,thefluidcannot respond instantaneously to the rigid structuralmotion,andhence the dynamicsimulations "overshoot" thestaticsimulations.Anexample ofthisis seen near ¢ = 22°for
Dither Schedule 0. The dynamic simulation predicts slightly more normal force at the end of the canard dither motion, and then under-predicts after the motion has stopped.
This behavior is similar to the hysteresis seen in Fig. 5 for the oscillating airfoil.
The predicted roll-averaged quantities are summarized in Table 1 . There is close agreement between the static and dynamic roll-averaged normal and axial forces, and somewhat larger percentage differences in the lateral forces.
(a) ¢-45.5°2 These show that the canard vortices convect back to the exit plane of the computational domain aft of the tail fins. At this angle of attack, there is a strong interaction between the canard vortices and the tail fins. The canard tip vortex can be seen just outside the tail fin bow shock in the last axial cutting plane on _he body. The twist of the canard vortices is evid_ nt, though difficult to discern at this low body r, dl rate. The change in the shock structure on the :anards as they dither can be seen, as well as the change in sense of rotation of the canard tip vorti,c.s.
Force polar comparisons of the static and dynamic simulations for both dither schedules are presented in Fig. 11 . The effect of the dynamics can be seen as enlarging the areas of the "leaves" of the rosettes, as con pared to the static simulations.
The roll rate changes the sweep of the leaf, while the canard motion changes the outer limit. both the ability to roll the airframe and dither the canards, and also provided a measure of the experimental uncertainty. The actual canard motion from the experiment over ten revolutions is presented in Fig. 15 , along with an ensemble of averages of the canard position, and an analytic approximation to the ensemble average which is used to schedule the canards in the simulation.
Again, the canard dither motion is periodic over a single body revolution. The computed forces and moments using this dither motion are presented in Fig. 16 . The forces and moments again show an immediate and strong response to the motion of the canards. As opposed to the previous dither computations, this dither motion produces a yaw of the body. This can be clearly seen in the force polar (Fig. 17) . The roll-averaged forces and moments are compared against the experimental values in Table 2 . In all cases, the computed values are within the experimental uncertainty. 
The pitching moment remains essentially constant at the roll rates and angle of attack being investigated here. Figure  18 presents the yaw-and roll-damping against the experimental data.
The agreement with the experimental data is very good, and all of the computed data points are within the experimental uncertainty. At these relatively low roll rates, both the yawing and rolling moments show a linear dependence on roll rate. The damping coefficients hence correspond to the slopes of the curves in Fig. 18 . As the roll rate is increased, the canard vortices experience more twist as they travel the length of the body.
This increase in twist causes the yawing moment relative to the c.g. location to increase as the roll rate increases, as the flow on the aft end increasingly lags behind the canards. The rolling moment is most strongly influenced by the cant of the tail fins. At these flow conditions, both the computations and experiment show that if the missile were unconstrained, the fins would cause it to roll at 10-15Hz. 
